Abstract. The velocity (SOS), attenuation slope (BUA) and stiffness index in the os calcis were measured using the 'Achilles' ultrasound bone densitometer (Lunar, Madison, WI). We evaluated the basic attributes of this ultrasound bone densitometer, and showed the agerelated changes in ultrasound values in normal Japanese women. The precision was measured in vivo on ten occasions over a 2-week period in 5 subjects. The shortterm precision errors (CVs) in vivo were 0.6% for stiffness index, 0.3% for SOS and 1.0% for BUA. Spine, femur neck and total body BMD using dual X-ray absorptiometry (DXA) were highly correlated with stiffness index (r=0.80, 0.77 and 0.78, respectively) in 194 subjects. Ultrasound values for patients with osteoporosis were significantly lower than those for the normal controls. The Z-score compared with young normals was significantly higher for spine bone mineral density (-4.4) than for stiffness index (-3.5); BUA and SOS gave significantly lower Z-scores -2.9 and -3.0, respectively). Ultrasound values were also lower compared with age-matched normal controls. The Z-score for stiffness index (-2.1) was significantly superior to that for either SOS or BUA (-1.5). Age-related change in ultrasound values was evaluated in 842 normal women. There was a decline in stiffness index of about 24% from the values in young adulthood to those of women in their seventies, about 75% of which occurred from age 44-49 years onward. These findings seem to indicate that the menopause affected the change in ultrasound values. In conclusion, ultrasound bone densitometry may not be as useful as DXA of the spine for screening for osteoporosis, since the Z-score for DXA is excellent. However, ultrasound bone densito- metry appears potentially to be applicable to problems in the diagnosis and management of osteoporosis when used in association with DXA.
Introduction
In Japan, where the population segment above age 65 years is growing at an unusually rapid rate, osteoporosis is increasingly recognized as a disease of medical, societal and economic importance. With the increase in the incidence of osteoporosis, the importance of bone densitometry is being investigated, not only from the clinical standpoint (including its use for diagnosis and the evaluation therapeutic effect) but also from a public health standpoint, including the screening for osteoporotic patients.
Osteoporosis is characterized by a loss in bone strength, not only because the disease causes a decrease in bone density but also because changes occur in bone architecture. New methods are needed which assess both bone volume and bone quality accurately and safely. Ultrasound bone densitometry seems to be a promising densitometric method, since theoretically it reflects both bone density and bone structure [1] .
We evaluated use of an ultrasound bone densitometer for clinical purposes. The basic characteristics of the ultrasound method (reproducibility, correlation with dual X-ray absorptiometry (DXA) measurements, effect of body size, differences in ultrasound values between normal controls and osteoporosis patients) were evaluated. We also observed age-related changes in ultrasound values in normal Japanese women, and analyzed the results in relation to the menopause.
Subjects and Methods

Ultrasound Bone Densitometer
We used the 'Achilles' ultrasound bone densitometer (Lunar, Madison, WI) to measure both attenuation slope and ultrasound velocity at the same location of the os calcis. The basic theory behind this ultrasound bone densitometer can be explained briefly as follows.
The ultrasound signal is emitted from one transducer and passes through the water bath in which the heel is placed. The signal is received by the opposing transducer, is digitized, and is stored by circuitry in the control box. An associated computer then uses the stored data to calculate the ultrasound velocity (speed of sound: SOS in m/s) and the attenuation slope (broadband ultrasound attenuation: BUA in dB/MHz) [2] .
The elastic modulus of a material (Young's modulus: E) is a measure of resiliency, and is given as E=Kd z.
The velocity of sound is related to Young's modulus and to the density of the material it passes through, that is,
V=(E/d)~=(Kd) ~, where d is the mass density of the
material and K is a constant [3] . In general, sound waves pass more quickly through stiff objects than through more flexible objects. Thus, larger amounts of bone in the os calcis are associated with an increase in SOS. Attenuation was measured at a sequence of discrete frequencies from 200 to 600 kHz. In the Achilles densitometer the transmitting ultrasound transducer emits a wide-frequency spectrum of signals in the range 200-2000 kHz. The signals are attenuated as they pass through the os calcis. A discrete Fourier transform is used to indicate the amount of signal at each frequency absorbed by the bone. At the beginning of each scan a reference signal is obtained by transmitting a sound wave through water alone. The net attenuation at each frequency is determined by subtracting the values in the spectrum from the reference signal. A linear regression is then calculated to determine the attenuation slope versus frequency. The slope of this line, expressed in dB/MHz, is referred to as the BUA value.
The mathematical index referred to as the 'stiffness index' is also calculated automatically from the combined data from SOS and BUA. This is derived by subtracting from the observed SOS the SOS for marrow fat (-1400 m/s) and subtracting the lowest BUA (-50) from the observed BUA. This scales the SOS and BUA into biological relevant ranges. The combined BUA and SOS is not equivalent to biomechanical stiffness [4, 5] .
Reproducibility, Correlation with DXA Measurement, and Correlation with Age and Body Size
The long-term precision of ultrasound densitometry in vitro was measured on a daily basis over a 6-month period on a polyethylene standard. The short-term precision error in vivo and in vitro were also measured on ten occasions over a 2-week period, in 5 subjects (3 young normals and 2 patients with osteoporosis) and on a polyethylene standard phantom.
SOS, BUA and stiffness index were measured in 194 subjects (115 osteoporosis patients with vertebral fracture diagnosed by spinal radiographs and 79 women without vertebral deformity) ranging in age from 22 to 85 years (average age 58 + 14 years) using this ultrasound bone densitometer. Bone mineral density (BMD in g/cm 2) of the lumbar spine, femur neck and total body were measured on these same subjects using DXA (DXA unit: Lunar DPX-L). We studied the correlation between the various ultrasound parameters, and the correlation between the ultrasound values of the os calcis and BMD of other sites as measured by DXA. The effects of age and body size (weight, height and body mass index) on ultrasound and BMD values were compared.
Comparison of Ultrasound Values" and BMD Values Between Normal Controls and Osteoporosis Patients
Comparisons were made of the differences between ultrasound measurement of the os calcis and BMD of lumbar spine, proximal femur and total body for 87 osteoporosis patients with vertebral fracture, over the age of 60 (average age 70 + 6 years). Comparisons were made with 39 young normal women (20-29 years). Comparisons were also made of same measurements between 58 patients with osteoporosis and 21 agematched older normal women with no vertebral deformity on spinal radiographs. Group differences were expressed as a Z-score, as well as percentages; the SD from the normal women was used to calculate the Z-score.
Standardization of the Ultrasound Values for Normal Japanese Women
A total of 1050 normal Japanese women, all residents of the city of Hamamatsu or the town of Ryuyo, Shizuoka Prefecture, served as subjects for the study of agerelated changes in ultrasound values in normal Japanese women. All were volunteers and gave their informed consent prior to the study. Each subject was given a detailed medical interview to determine her eligibility for participation in this study. Details were elicited regarding the menopausal status of each subject. A total of 208 of the women with disease-associated symptoms (lumbago and/or back pain) or who were under medical treatment for conditions known to affect bone metabolism (such as hyperthyroidism, renal disease, collagen disease or ovarian tumor) were excluded from the study. Finally, the standard values of ultrasound measurement in each decade of life were calculated for 842 females who ranged in age from 21 to 79 years ( Table 5) .
The results were analyzed in relation to menstrual status and number of years postmenopause. A crosssectional study of the 354 women between the ages of 40 and 69 years was done by menstrual status. These subjects were further classified into three groups: group 1, premenopausal subjects with a regular menstrual cycle (n--120); group 2, premenopausal subjects with an irregular menstrual cycle (n=55); and group 3, postmenopausal subjects (more than 1 year since last menstruation) (n=179). Group 3 was further subdivided into four groups by the number of years since menopause (1-5, 6-10, 11-15 or [16] [17] [18] [19] [20] . Comparisons of ultrasound values between the regularly menstruating subjects and the irregularly menstruating subjects were adjusted for age. An irregular menstrual cycle was defined as one with obvious shortening and/or elongation of cycle length or a decrease in menstrual flow present after the age of 40 years.
Statistical Analysis
In expressing the results decimal places are not used for SOS or BUA since the precision of this measurement does not warrant it; however, decimal places are used for the stiffness index.
Comparisons of the Z-scores between normal controls and osteoporosis patients, the ultrasound values among different age groups or different menstrual status groups were performed using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer method. Student's t-test was used to compare the BMD and ultrasound values between normal controls and osteoporosis patients, and differences in means were considered statistically significant for p values <0.05. Linear regression analysis was used to determine the degree of correlation between variables.
Since the ultrasound values of subjects for the fourth, the fifth and sixth decades had an approximately normal distribution, mean ultrasound values for each decade of life were calculated using Hoffmann's method in which all values outside the range of mean + 2 SD were excluded.
Results
Reproducibility
The long-term precision errors (CV) in vitro were 0.3% for SOS and 1.2% for BUA. The short-term precision errors were 0.1% for SOS, 0.9% for BUA and 0.8% for stiffness index, while the precision errors in vivo ranged from 0.2% to 0.7% for SOS, from 0.4% to 1.4% for BUA and from 0.2% to 0.9% for stiffness index. The CVs calculated from the global estimate of variance were 0.3% for SOS, 1.0% for BUA and 0.6% for stiffness index.
Correlation Between Ultrasound Values and Age
Significant negative correlations were found between the age of the subject and the ultrasound values (p<0.001 for each comparison). The correlation coefficient between stiffness index and age (0.72) was higher than that between either SOS (0.69) or BUA (0.65) and age. The r for stiffness index was comparable to those for spine (0.73), femur neck (0.72) and total body BMD (0.74) as measured by DXA in the same subjects.
Correlation Between Ultrasound Values and BMD as Measured by DXA
The correlations and regressions between the ultrasound values and the BMD values are summarized in Table 1 . Significant correlations were observed between each of SOS, BUA and stiffness index and spine BMD. Nearly the same degree of correlation was found between ultrasound values and each of femur and total body BMD. The correlations between stiffness index and BMD (r-0.78) were generally higher than those for BUA (r-0.72) or SOS (r~0.74). 
Correlation Between DXA and Ultrasound Values and Physique
The effects of weight, height and body mass index (BMI) on ultrasound values and DXA were compared (Table 2 ). Significant correlations with body size were found for both ultrasound values and BMD values, but the correlations between BMD values and body size were generally higher than those for ultrasound values.
Differences Between Values for Normal Controls and Patients with Osteoporosis
Mean BMD values at each of the sites tested, as well as mean ultrasound values, were all significantly smaller for the group of osteoporosis patients than for the group of young normal controls (p<0.001, each comparison) (Table 3 ). Patients with osteoporosis had an average stiffness index 33.2% less than that of young normal subjects. The percentage change in stiffness index was comparable to that for spine BMD. Ultrasound values were also lower compared with age-matched controls. Osteoporotic subjects weighed an average of 45.3 kg and were 147.5 cm tall, while age-matched controls were slightly but not significantly heavier and taller (48.1 kg and 150.0 cm). The Z-score for stiffness index (-2.1) was significantly superior to that for either BUA or SOS (-1.5) ( Table 4) .
Age-Related Changes in Ultrasound Values among Normal Japanese Females
Ultrasound values in normal females are shown in Table  5 . 
Discussion
Several techniques for the assessment of bone volume, including single-photon absorptiometry (SPA), dualphoton absorptiometry (DPA), DXA and quantitative computed tomography (QCT) have been developed in the past 15 years. High correlations between these measurements and the ultrasound method have been reported. Regarding the relationship between ultrasound values of the os calcis and os calcis BMD measured by other techniques, a high correlation between BUA and bone density as measured by QCT (r=0.8-0.9) has been reported for studies of excised os calcis [6, 7] , and a high correlation in vivo between BUA and BMD as measured by DXA (r>0.9) has been found [4] .
Ultrasound values of the os calcis have been reported to correlate with SPA of the radius and with lumbar spine BMD measured by DPA or DXA. Various authors have reported different positive correlations between BUA and SPA of the radius (r=0.64-0.85) [3, [8] [9] [10] , between BUA and spine BMD measured by DPA or DXA (r=0.45-0.87) and between BUA and femur neck BMD (r=0.48-0.83) [3, [11] [12] [13] [14] [15] [16] . In this study we have also compared the ultrasound technique with BMD measured at other skeletal sites by DXA. Ultrasound values correlated significantly with the BMD of the lumbar spine, femur neck and total body. In particular, spine, femur neck and total body BMD were highly correlated with the stiffness index derived from data on SOS and BUA (r=0.80, 0.77 and 0.79, respectively). The R 2 value of the correlation coefficient between stiffness index and spine BMD is 0.64; the stiffness index accounts for about two-thirds of spine BMD.
Regarding the precision in vivo of the Achilles ultrasound bone densitometer in recent years, reproducibilities (CV) in measurements of SOS, BUA and stiffness index have been reported to be 0.1% to 0.5%, 1.1% to 2.5%, and 1.4% to 1.5%, respectively; in addition, little difference in precision between normal subjects and patients with osteoporosis has been found, unlike the precision of DXA which is poorer in lowdensity bone [4, [15] [16] [17] . In this study, the values in vivo were below 1% for all ultrasound measurements: 0.3% for SOS, 1.0% for BUA and 0.6% for stiffness index. The precision of ultrasound bone densitometry is comparable to that of DXA in our laboratory, the CVs of DXA were 0.9% for lumbar spine, 1.5% for femur neck and 0.5% for total body [18] .
Damilakis et al. [19] reported that there was no correlation between body size (including height, weight and BMI), and BUA. In our study, significant correlations were found between each of the ultrasound values and body size variables. The degree of correlation with weight and ultrasound measurement, however, was lower than that of DXA measurements. Although the os calcis is a weight-bearing bone, the ultrasound method apparently measures an aspect of the os calcis that is less dependent on body weight than BMD.
Recent studies have demonstrated that ultrasound densitometry can differentiate between normal women and patients with osteoporosis [1, 11, 12, 20] . The differences in ultrasound values and BMD values between young normals and osteoporosis patients were expressed as Z-scores (Table 3 ). For DXA, Z-scores for spine, femur neck and total body BMD were -4.4, -3.2 and -3.6, respectively, while the Z-scores for SOS, BUA and stiffness index were -3.0, -2.9 and -3.5, respectively. The difference in spine BMD was largest, and that of stiffness index was comparable with those for femur neck and total body. The Z-scores compared with age-matched controls showed that the stiffness index was superior to either BUA or SOS (-2.1 v -1.5) ( Table 4) .
In the present study, ultrasound densitometry of the os calcis was highly reproducible and had a high correlation with BMD measured by DXA. A significant negative correlation was found between ultrasound values and age, and these values were variably affected by menopause, in the same fashion as spine BMD. However, ultrasound bone densitometry may not be as useful as DXA of the spine for screening for osteoporosis, since the Z-score for DXA is excellent. Ultrasound bone densitometry of the os calcis appears potentially useful for the diagnosis and management of osteoporosis when used in association with DXA measurements.
